Abstract. In ephemeral rivers, channel morphology represents a snapshot at the end of a succession of geomorphic changes performed by a flood. In most cases, the channel shape and bedform evolution during different phases of a flood hydrograph 15 are not recognized from field evidence. This paper analyzes the capabilities of morphodynamic modelling (Delft 2D) for resolving the evolution of a gravelly ephemeral river channel during consecutive, moderate-and low-magnitude discharge events. We pursue for schematic concepts for simulations in ephemeral gravely rivers that provide an outcome with the closest similarity to the post-flood reality. Based on the simulations, we analyze the morphodynamic evolution of Rambla de la Viuda The spatially varying grain size data and transport equations were the most important factors, in addition to the quality of recorded discharge, for the simulation results of the channel evolution. The total load equation worked better, compared to the 25 deterministic equation. The erosion and deposition can be in total greater during the long-lasting receding phase than during the rising phase. The deposition and erosion peaks are predicted to occur at the beginning of the moderate-magnitude discharge event, whereas deposition dominates throughout the event. On the contrary, the low-magnitude discharge event only experiences the peak of channel changes after the discharge peak. These different predicted erosion/deposition patterns suggest a hysteresis effect on the morphodynamic changes, and stress the importance of previous flood history (timing, succession and 30 magnitude) in understanding the geomorphic response of gravelly ephemeral rivers.
Introduction
The hydrology of ephemeral rivers is dominated by occasional large flash floods that cause morphological fluvial changes (Tooth, 2000; Benito et al., 2011) . Consequently, most geomorphological studies have been mainly concentrated on these greatest flow events, due to their impacts on the river channel changes, related river environments and human infrastructure (Greenbaum and Bergman, 2006; Grodek et al., 2012; Nardi and Rinaldi, 2015; Hooke, 2016b) . However, moderate and low 5 flows have also been shown to cause great morphological changes in gravelly river channels Hooke, 2016a) , as a small discharge over long time spans can substantially rework the sediment and fluvial bedforms produced by the greater floods (Greenbaum and Bergman, 2006) .
According to Hooke and Mant (2000) , the pattern and magnitudes of fluvial morphological changes show the best relationship 10 with the magnitude of peak discharge. However, during flash floods, it is difficult to perform sediment transport or bedform migration measurements to detect the timing of topographical changes, i.e. whether the greatest changes occur for example due to the peak discharge, the slope of the rising limb, or the length of the receding limb. Thus, the timing of the morphological changes during the different phases of flow hydrographs is still unresolved, and how they differ from the gravelly perennial rivers, with case studies reporting most erosion during the rising and the peak flow phases of perennial rivers (e.g. Gendaszek 15 et al. 2013 ).
Conventionally, these ephemeral river channel changes associated with specific flood events are interpreted on the basis of the post-flood bedform and grain size distribution (e.g. Euler et al., 2017) . The only way to gain information and to show any concepts about topographical changes during the flash floods is to apply simulation methods. Simulations may provide 20 information about the channel dynamics from the times when it has not been possible to perform measurements and thus increase our understanding of sediment dynamics during flood events (Hooke et al. 2005) . However, morphodynamic simulations of gravel migration have so far been more common in perennial rivers (e.g. Williams et al., 2013) or laboratory flumes (Kaitna et al., 2011) than in ephemeral rivers. There are examples of simulating sediment transfer in ephemeral channels (Graf, 1996) , although most of the few recent simulations of ephemeral rivers have been performed in 25 sandy reaches (Billi, 2011; Lucía et al., 2013) and on alluvial fans (Pelletier et al., 2005) . Ephemeral rivers with gravel-sized bedload particles have seldom been simulated. One of the few existing examples was carried by Hooke et al. (2005) , simulating morphological changes during flash floods with a cellular automata model.
It is possible to calibrate the morphodynamic model based on the between and after flood topographies. This causes 30 uncertainties to the modelling, but it is the best available way to get understanding on the temporal evolution of the ephemeral river channels during flooding. In particular, the differences and similarities in model performance between different flood magnitudes can be detected. Recently, the measurement techniques for deriving this calibration data for morphodynamic Earth Surf. Dynam. Discuss., https://doi.org /10.5194/esurf-2017-52 Manuscript under review for journal Earth Surf. Dynam. Discussion started: 5 September 2017 c Author(s) 2017. CC BY 4.0 License. modelling have increased. One of them is accurate laser scanning (mobile and terrestrial), which enables to capture the channel topography before and after flooding in detail . Mobile laser scanning, for example from car, backpack and boat, provide practical scanning angle to survey channel banks, bar lobes and vertical surfaces, and also data collection over large channel bars has been enhanced with the method (Vaaja et al., 2011; Kasvi et al., 2015; Kukko et al., 2015) . Digital elevation models produced from LiDAR data have been applied for detecting the geomorphic effects of different discharge 5 events (Hauer and Habersack, 2009; Croke et al., 2013; Thompson and Croke, 2013; Nardi and Rinaldi, 2015) and for recording and calibrating sediment transport models . These reveal the reorganization of the channel morphology due to flood events even over large areas with great detail . These accurate topography data, together with RTK-GPS measurements, enable more detailed analysis of the morphodynamic model than before. Despite these advances in measurement techniques and simulation approaches, there is a need for testing the model 10 performance in comparison to the detailed measurements related to flow events of different magnitudes, and not only to high/large floods. In addition, morphodynamic models are suited with a range of sediment transport equations to further test for simulating moderate and small floods of ephemeral channels. This paper analyzes the capabilities of morphodynamic modelling for resolving the evolution of a gravelly ephemeral river 15 channel during consecutive, moderate-and low-magnitude, discharge events. We pursue for schematic concepts for simulations in ephemeral gravely rivers that provide an outcome with the closest similarity to the post-flood reality. This study is based on both accurate topographical measurements with RTK-GPS survey and mobile laser scanning, before and after each discharge event, and morphodynamic simulation (Delft 2D). Thus, model is calibrated with data from two flash flood events.
Based on the simulations, we analyze the morphodynamic evolution to find out when and to what extent the channel changes 20 occur during the different phases of discharge events, and what influence the discharge has on the rate of morphodynamics.
With this simulation method it is possible to improve and deepen the analyses earlier made based on only the survey work (e.g. Calle et al., 2015) .
2 The study area Rambla de la Viuda is an ephemeral stream with a catchment area of 1523 km 2 , located in eastern Spain (Fig. 1) . The river has 25 braided pattern associated to a high sediment supply . The river is prone to flash floods, and the stream flow occurs on an average of 20 days per year. Due to the high infiltration and sporadic nature of rain events, only intensive rains, i.e. a run-off threshold of 65 mm, cause flow in the river corridor (Segura-Beltrán and Sanchis-Ibor, 2013) . This run-off threshold may vary between seasons, due to soil moisture and the frequency of rains.
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The study site is located 8 km upstream of the dam of the María Cristina reservoir. The simulation area is circa 440 m long (length along the channel) and includes an advancing gravel lobe bar front, which is the lowest 200 m of the simulation area where this study will be focused on (Fig. 1 ). This area was selected essentially because it was possible to assess the gravel movement with certainty . This is due to the gravel extraction / mining in recent decades, which has produced a flat valley bottom on which gravel bars were deposited. Recently, new bars have been deposited by floods, and gravel lobes 10 with a sharp front have been formed in the downstream edge of the area. The gravel bars and lobes of the simulation area are non-or weakly-armoured (see also Table 2 ) and move freely during low-magnitude flows.
The two events under study occurred in spring 2013. Even though peak discharges of 23 (on 6 th March) and 12.5 m 3 s -1 (on 1 st of May) were registered in the gauging station of Vall D'Alba, respectively, the peak discharges on the study site were 15 estimated to be greater than that due to the rain occurring between the study site and the observation stations .
Event flows lasted 13 and 9 days, respectively. These two discharge events transported 12-41 mm sized gravel (D50 values).
The movement of these gravels caused the development of the bar fronts Calle et al. (2015) described the main morphological and topographic changes in the same river reach caused by these moderate (March 2013) and small (May 2013) discharge events based on multi-temporal mobile laser scanning (MLS) and RTK-GPS surveys before and after the floods (Fig. 2) . They also related the observed morphological and sediment textural changes with 10 hydraulic parameters (flow velocity, depth and discharge) estimated by a two-dimensional hydrodynamic model (Delft 2D) and investigated whether the combination of the applied techniques is a reliable method to study the morphodynamics of a flood event. It was shown that MLS surveys and additional RTK-GPS surveys are suitable for a dryland river environment. In addition, a two-dimensional hydrodynamic simulation was able to estimate the hydraulic characteristics associated with the discharges. Change detection and grain size distribution analyses after flood showed a high availability of material (up to D84 15 of 32-45 mm) and absence of a well-developed armoured layer . Thresholds for sediment transport were Earth Surf. Dynam. Discuss., https://doi.org/10.5194/esurf-2017-52 Manuscript under review for journal Earth Surf. Dynam. Discussion started: 5 September 2017 c Author(s) 2017. CC BY 4.0 License.
proven to fit with the Hjulström graph (1935) in this ephemeral environment. However, simulations did not include topographical change and its influence on the water level and hydraulic parameters during the floods, and could not answer how sediment transport and topographic changes evolved during rising limb, peak stage and receding limb of the hydrographs.
In this paper, we investigate the modelling further for answers to those questions and deepening the analyses based on only with topographical measurements. 5 3 Morphodynamic simulation approach 3.1 Boundary conditions: discharges and water levels Two flow hydrographs recorded in 2013 were defined as the upstream boundary condition and the water levels as the downstream boundary condition for the hydro-and morphodynamic model (2D module of Delft3D-flow). Due to the absence of direct discharge measurements at the study site, discharges recorded every 5 minutes at the gauge station of Vall d'Alba 10 (Located 18 km upstream from the study site) were used. Also daily discharges were calculated from these 5 minutes measurements. The high-water marks (HWMs) left by the March 2013 discharge event provided evidence that the peak discharge was greater at the study site than that measured at Vall d'Alba. Thus, the discharges for the study site were re-scaled to match the peak discharge calculated during the calibration procedure of the model (see Sect. 3.4 below, and from . 15 Water level (hereafter WL) was defined, based on the actual HWM measurements along the longitudinal profile . The HWM measurements varied slightly along the longitudinal profile and the trendline, which was fitted between these measurements, showed the slope of the water surface better. The downstream-most value of this WL trendline was applied as the peak WL value of March 2013 discharge event ( 
Channel geometry
The channel topography was measured, using mobile laser scanning (MLS) and RTK-GPS . These three topography data sets were applied as 1) initial topography (March 2012), 2) calibration topography between the floods (March 2013), 3) final calibration topography after the floods (June 2013). The MLS was performed in March 2012 (pre-flood situation) and in June 2013 (after the two discharge events of spring 2013) Table 1 ). The MLS was 5 performed, both with a backpack and on a platform mounted on a 4x4 vehicle. A detailed description of the MLS data set can be found in Calle et al. (2015) and Table 1 . According to Calle et al. (2015) and Kukko et al. (2015) the RMSE in elevation was 18.2 mm, and it was 36 mm for the 3D position of the targets. In addition, the edges of the bar lobes, which had been and was therefore also applied as a calibration data set. This enabled better estimation of the model performance than only using one calibration data set after the two consecutive flood events.
The Delft 2D morphodynamic model requires channel geometry in grid format. Orthogonalized curvilinear grids of two 15 different resolution were created from both measured topographies, one with "coarse" 1.51-5.31 m cells and one with "fine" 0.76-3.03 m cells (i.e. circa half of the coarser grid cell sizes). These cell sizes were selected for testing the impacts of cell sizes on simulation results, but also due to their computational effectiveness. Cells finer than 0.76-3.03 m did not make more difference to the results, thus no further finer cell sizes were included in this paper. Furthermore, cells finer than 0.76-3.03 m would have also highly increased the computational time. Thus, curvilinear grids of two resolutions, "coarse" 1.51-5.31 m 20 cells and "fine" 0.76-3.03 m cells, were created from the topography measurement times. 
5
For calibrating the modelling results, the topgraphies were also created from the March 2013 and June 2013 measurements so that those geometries had similar resolution as the initial input channel geometry. The model outputs after each of the discharge events were then compared to these grids created from the March and June 2013 measurements. The grid-form geometry of March 2013, i.e. calibration topography between the floods, was created by adding only the GPS measurements to the grid cells, and the rest of the channel was excluded from the area to be analyzed (Fig. 1) . The grid-form geometry of June 2013, 10 i.e. the final calibration topography after the two floods, was defined by adding first the laser scanning data set, which had been processed to include both backpack and car MLS data, to the grid cells. Then the 2009 DEM was added to the grid to cover the higher bank areas. However, only the same area, as applied in the case of March 2013 (i.e. the gravel bar lobes area), was used in the final analyses of morpholocial change detection and comparison of the model performance.
15
These calibration curvilinear grids of "between floods" and "after floods" situations were used for analysing the capabilities of the model to result correct channel bed elevations. These simulated and measured bed elevations were compared. For volumetric calculations, these curvilinear grids and the model outputs from the same time steps were also converted into regular grids. To minimize the errors, a 0.5 m regular grid's cell size was selected, as the original cells were mostly divisible by that value. 20
Grain sizes
Spatially varying grain sizes were measured from the gravel lobes area prior to the first flood and between the floods, using the Wolman (1954) sampling method (Table 2 ). However, this method did not recover the differences between upper layer and sublayer sediment distribution and what kind of particles the 2013 discharge events had in reality moved. We were able to measure these only after the discharge events had occurred. Therefore, the gravel moved by the 2013 spring events were 25 measured using a US standard gravelometer (US SAH-97 handheld particle analyzer) in summer 2014 (Table 2) . These measurements represent different active forms, from bars to the channel bed, which had evolved during the 2013 spring floods.
The bulk sieving measurements (c. 80 kg from 1.1x1.1 m area, 0-10 cm from the surface) were performed at six different locations, and from both the upper layer (UP1-6) and sublayer (SUB1-6, c. more than 10 cm below the surface) to evaluate armouring ( Table 2) UP=upper layer. Most of the samples were within the analyzed area, and their locations can be seen in Figure 11 of . Only the samples UP/SUB 5 and 6 were further in the upstream section of the simulation area. Due to the spatial scarcity of the 2013 measurements (only two samples) were not applied as the surface grain sizes for the model, but were used for Limerinos (1970) calculations. The armour ratio was calculated following Lisle and Madej (1992) 
Hydrodynamic simulations
The same calibrated hydrodynamic model (2D version of the Delft3D-FLOW) was applied as in Calle et al. (2015) . The flow was simulated as depth-averaged flow by using the well-known Navier-Stokes and shallow-water equations. Thus, the modelled fluid was considered vertically homogeneous. These well-known equations can be found in the user manual of the model (Deltares, 2011) . The model applies the alternating-direction implicit (ADI) time integration method for the shallowwater equations (Leendertse, 1967 ).
The hydrodynamic model was calibrated by adjusting the Manning's n-values so that the simulated water levels matched with the measured high-water level marks, and their WL trendline, of the 6.3.2013 discharge peak situation ( Fig. 3 and Calle et al., 5 2015 ). The hydrodynamic model was calibrated by applying first daily discharge values as the upstream boundary condition.
The n-values were defined based on Limerinos (1970) equations for D50 and D84 grain sizes (Table 3 ). It is noteworthy that there was no vegetation in the river channel area affecting the two (moderate and small) discharge events, and therefore the roughness values were possible to define by the particle size on the active river channel. The Limerinos equation was applied for the whole range of water levels (i. were performed for a cross-section located at the downstream side of the simulation area. This cross-section was defined from 2012 geometry, i.e. pre-flood geometry, which remained unchanged during the 2013 discharge events. At the 144.151 m water level, which was the measured high-water mark elevation at this location, the wetted perimeter of the cross-section was 52.09 m and the hydraulic radius was 0.95 m (max flow depth 1.28 m). Each of the geomorphological elements, and thus also grid 15 cells, received their own Manning's n-value during the calibration procedure. The calibration was first done for the coarser grid of 1.51-5.31 m cell sizes. Because the discharge estimated at the study site was greater than the one recorded at the Vall d'Alba gauge station, three different daily discharges ("Qx1.3", "Qx2" and "Qx2.5") were tested during the calibration of the hydrodynamic model. The "Qx1. (Table 3) . In this Qx1.3 discharge, each of the observations was multiplied by 1.3. The "Qx2" (observations multiplied by 2) water surface elevation matched the HWMs using an average n-values calculated from Limerinos (1970) equations.
Also, the effects of bedform (from +0.01 to +0.015) and bank roughness (+0.02) had been added to these average n-values (Chow, 1959; Acrement and Schneider, 1989) . The simulated water levels also matched with HWMs when the "Qx2.5" discharge and n-values representing the high-flow stage values (i.e. lower n-values on the value range) calculated from 5 Limerinos (1970) equations were selected. Similar n-value ranges were gained for different water level situations, when either the equation for D84 or D50 grain sizes was applied.
When the calibration against the HWMs and their trendline was successful with these daily discharges and coarse grid, the same Manning's n-values were applied for simulations with a hydrograph with a 5-minute measurement interval. The "Qx1.3", 10 "Qx2" and "Qx2.5" versions of these 5-minute hydrographs were tested. These simulations also reproduced the water levels sufficiently well, and thus no more modifications were performed for the Manning's n-values. All in all, the best fit was obtained with "Qx2" (Table 3 ). Finally, the 5 min hydrograph simulations were also performed with the more detailed grid, i.e. the fine grid with 0.76-3.03 m cells (Fig. 3) . The hydrodynamic simulation results with the fine grid cells were better than with the coarse grid cell sizes, as also shown in Calle et al. (2015) . 15
In addition, both March and May 2013 discharge events were tested in the final hydrodynamic simulations. Similar multipliers (Qx1.3, Qx2, Qx2.5) and Manning values were applied for both events. Both these hydrographs of 2013 were simulated as an unsteady simulation and by applying the bathymetry derived from 2012 topographical measurements. The Qx2 discharge was proven to best produce the observed hydrodynamics ( Fig. 3 ; see also Calle et al., 2015) . All in all, 21 hydrodynamic simulations 20 were run during the calibration of the hydrodynamic model.
Morphodynamic simulations
Calibration of the morphodynamic model consisted on the adjustment of the model parameterization so that the model output geometries matched the first order bedform geometries as well as possible. The model applies an "upwind" bed update scheme, where the elevation of the bed was dynamically updated at each computational time step. In all simulations, the initial 25 boundary conditions of the input and output sediment transport load amount was defined as 0. This is because the flood events started from 0, and no significant transport, i.e. evolution of bedforms was observed upstream and downstream of the simulation area. The model then calculated the transport based on the selected transport equations and using equilibrium concentration. The simulation area begun further upstream than the actual analyzed area, so that sediment transport input in the study reach was steady. Altogether, 61 morphodynamic simulations were needed for calibrating the morphodynamic model. 30
These 61 simulations included simulations with Qx1.3, Qx2 and Qx2.5 discharges hydrographs. While performing the calibration, the sensitivity of the model to the different parameter combination was analyzed. Out of these 61 morphodynamic simulations, 11 simulations, which produced the best and most interesting results, were selected to be presented in detail in this paper for sensitivity analyses (Tables 4 and 5 ). Due to the better performance with Qx2, all these selected morphodynamic simulations have these input data. All simulations with Qx1.3 and Qx2.5 discharges were discarded as those did not reproduce the correct topographical changes. The 11 selected simulations showed the effects of grain size (before [2012] (Tables 4   and 5 ). These parameter tests were selected for the calibration procedure, as these have earlier been found important for Delft 2D model simulations, albeit in perennial rivers (e.g. Kasvi et al., 2014) . The morphodynamic simulation results were compared to the measured topographies (Figures 4-6) , in particularly the volumetric change of river bed and displacement of 10 the lobe front (Table 6 ). Because the bed level gradient affects the bedload transport, the slope in the initial direction of the transport (referred to as the longitudinal bed slope) and the slope in the direction perpendicular to that (referred to as the transverse bed slope) were utilised.
The transverse slope affects transport towards the downslope direction (Deltares, 2011) . The Bagnold (1966) equation was 20 applied for the longitudinal slope and Ikeda (1982) , as presented by Van Rijn (1993) , was applied for the transverse slope. The longitudinal slope was tested with both the default value (1.0) and double the default value (2.0). However, the longitudinal slope did not affect the results, and it was decided that the default value 1.0 would be used in the selected simulations, which are shown in Tables 4-6. Due to the great effects caused by the transverse slope on the morphodynamic simulations of perennial rivers (e.g. Kasvi et al. , 2014) , we were particularly interested in the effects of this transverse transport component on the 25 ephemeral river simulation, and thus tested the model with the component being 3.0, which is double the default value (1.5).
These values were defined based on earlier publications (e.g. Kasvi et al., 2014) . 
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The bedload transport was tested initially with the Van Rijn 1993 equation (VR), which is widely used, despite the fact that it was developed with smaller grain sizes than those of the study area. Also, small flow depths may affect the performance of the VR equation (Van Rijn, 1984) . The depths of the flow were relatively shallow at the Rambla de la Viuda, in comparison to the channel width. As expected, the channel bed did not evolve at all with VR equation. Thus the VR equation was discarded at 10 once (not included in Tables 4 and 5 ). Instead, the widely applied equations of " Engelund-Hansen 1967" (EH) and "MeyerPeter and Müller 1948" (MPM) were selected from the Delft 2D model's assortment of equations (cf. Deltares, 2011), because they had been developed by using initially non-armoured bed conditions and were the most appropriate for the study area, according to the D50 grain sizes. Also, MPM has previously been proven to perform well, i.e. better than, for example, Bagnold 1980, in flash flood simulations (Reid et al., 1996; Cao et al., 2010) . The MPM was expected to perform the best, as it has 15 originally been developed for particles of 0.4-29 mm overall diameters. Earlier simulations done for ephemeral rivers, e.g. Hooke et al (2005) , have applied the Bagnold (1966) total load equation. However, it was not included in the set of equations provided by the standard Delft 2D model, and thus it was not applied in this study. Instead, the EH was selected as the total load equation, due to its proven performance in a variety of environments (e.g. Kasvi et al. 2014) , even though it has originally been tested on up to 0.93 mm median particle sizes (Engelund and Hansen, 1967). 20 Two simulations, which show after calibration the best correspondence with the observed riverbed changes and bed formations, were selected for the final channel evolution analysis. Based on these two simulations, the temporal evolution of the riverbed was analyzed during the two hydrographs of moderate-and low-magnitude discharge events.
Earth (representing the sediments actually moved by the two discharge events, i.e. the ones measured after floods in 2014) were used in the simulation (number 10), the volumetric changes were less and fitted the observations better than if spatially varying "before floods" grain sizes of 2012 were applied (simulation 2). The effects of spatially varying sublayer grain sizes (simulation 4) and spatially varying upper layer grain sizes (simulation 3) were compared: the deposition increased by 352 m 3 when 10 applying spatially varying sublayer grain sizes. The bedforms were also represented better with upper layer sediments. When the spatially varying average grain sizes (average of the upper and sublayer grain sizes) were applied, the simulation (number 5) resulted in a slightly greater deposition than with spatially varying upper layer grain sizes (simulation 3, Table 6 ). When the constant grain sizes were applied (simulation 8), the deposition was greater and resembled the observations better than a corresponding simulation with spatially varying grain sizes (simulation 5), but the erosion was also greater and thalweg was 15 excavated too deep with constant grain sizes (simulations 6-8). Altogether, the spatially varying upper layer grain sizes (measured in 2014), which were known to have been moved by the discharge events, resulted in the most realistic results. Table 6 . The evaluation of modelled volumetric changes and lobe movement, in comparison to observations. Based on the performance analyses of the model during March 2013 event's simulations, the May 2013 discharge event was only simulated 20 with a fine grid cell size, and using upper layer sediments measured in 2014 (cf. Table 4 ). The simulations that selected for the final hourly channel change analyses are bolded. Gravel storage was calculated by subtracting the erosion from deposition. Table 4 ). The comparisons of the channel-bed elevations of the "analyzed area" (see Figure 1) . The coarse grid cell sizes were applied in these simulations. 
Effects of grid size on simulation results 5
The grid size effects on the simulation results were compared between simulations 1 and 2, and simulations 3 and 10 (Tables 4-6, Figures 4-6) . The fine grid size tends to overestimate both erosion and deposition, whereas a coarser grid size overestimates incision. When compared to the observed topographic river bed model, the coarse grid simulations show also an underestimation in the depositional amounts. The coarse grid also caused a moderate magnitude flood to flow mostly on the left bank side, which was opposite to the fine grid simulations and reality. The best simulation results (from the simulations 1, 2, 3 and 10) in relation to the surveyed volumetric changes were achieved with the fine grid simulation (number 10). It was decided to discard the coarse grid from the simulations of the May 2013 discharge event, and from further analyses.
Effects of transverse slope on simulation results 5
The increased transverse slope affected positively the simulation results (simulation 9), when they were compared to the corresponding simulations with the default 1.5 transverse slope (simulation 10) ( Table 6 , Figures 5-6 ). The deposition and erosion amounts resembled the observations more, when the transverse slope was increased (Table 6 ). The lobe movement distance was also the best with an increased transverse slope (simulation 9). Noticeable from the elevation difference analyses is that the simulations with an increased transverse slope resulted in the greatest correspondence to the observed elevations 10 (Fig. 6) . However, particularly one location in these simulations had experienced more deposition than observed: the pool area downstream of the large lateral bar (PU: Figure 2 and Calle et al., 2015) .
When compared to the geomorphological evolution described in Calle et al. (2015) and the measured topographies, the spatial bedform pattern was visually compared for both the discharge events. Of all simulations, the best results were obtained with 15 these simulations number 9 and 10. However, the default 1.5 transverse slope resulted in a more excavated thalweg (simulation 10), when compared to the simulation with an increased transverse slope (simulation 9) (Figures 5-6 ). However, simulation 10 also showed satisfying bar accretion from the left-bank side of the channel.
Effects of transport equation on simulation results
Based on the comparisons of observed and simulated topographies and volumetric changes (Table 6 and (Fig. 7) . However, the initial changes were slightly smaller when the default transverse slope was applied (simulation 10). Significant changes were observed in small peaks at 9h and 71h, which give an idea of the high system response to steep changes in the discharge, rather than a progressive increase (as seen in the absolute peak of 23h). The deposition in simulations 9 and 10 started very slowly decreasing after 13 hours, but the decrease in erosion was slightly faster. 10
However, all in all, the deposition and erosion remained high for a long time and only started clearly declining after 71 hours, i.e. the secondary discharge peak. The erosion and deposition volumes followed the changes in receding discharge more faithfully than during the rising phase, occurring simultaneously to the changes in discharge. Thus, the morphodynamics of both simulations 9 and 10 followed the changes in discharge better during the falling stages of the discharge peak, i.e. when the discharge was 30 m 3 s -1 or less. During the rising phase, there were temporal differences between changes in discharge and 15 changes in deposition and erosion. When the default transverse slope was applied (simulation 10), the erosion and deposition continued to be high longer in the receding phase than when the transverse slope was increased to 3 (simulation 9). The great deposition amount during the receding phase was mainly due to the propagation of the bar lobe front.
The evolution during low-magnitude flood hydrograph
During the May discharge event, the changes in erosion and deposition followed the discharge evolution more than during the 20 March discharge event (Fig. 7) . The main flow path was again on the right bank side of the channel, where the greatest changes also occurred. The discharge event of the May 2013 had two peaks, of which the latter discharge peak was greater. The erosion and deposition peak occurred approximately an hour after this greatest peak discharge had been reached. Thus, the deposition and erosion peaks did not occur immediately at the beginning of the discharge event, as in the case of the March 2013 event.
The erosion became greater than the deposition four hours after the beginning of the discharge event (simulation 9). Six hours 25 after the sediment transport peak (at 25 h), the deposition dominated again. During the March discharge event, the erosion was never greater than the deposition. Note also that the discharge remained constant after both peaks, whereas a decrease in the deposition and erosion rates was observed.
Discussion

Uncertainties related to the simulations 5
The morphodynamic simulation of the ephemeral river provides a good quantification of the sequence of channel changes described by Calle et al. (2015) . It also deepens the analyses done based on only the topographical data, and is the only way to gain concepts about topographical changes during the flash floods. The reliability of the model results improves with the quality and temporal density of the available calibration topography, i.e. between and after flood bedform geometries. We had Earth Surf. Dynam. Discuss., https://doi.org/10.5194/esurf-2017-52 Manuscript under review for journal Earth Surf. Dynam. Discussion started: 5 September 2017 c Author(s) 2017. CC BY 4.0 License. two topographical calibration data sets, which is more than in many other studies. However, we think that further research with multiple yet-to-come events needs to be run to assess the repeatability and validation of the model even better. Transport rates and flow velocity measurements would be suitable to calibrate models during the event, but they are always difficult and dangerous to perform in this particular environment. The uncertainties related to this have to be acknowledged. However, as the forefront lobe prograded over a flat valley bottom (as gravel bed had been mined), we had a good control on sediment 5 volume and gravel particle-size moving downstream. In fact, the bedload sediment output from the studied reach was zero. In addition, the simulation result supports the hypothesis of Calle et al. (2015) that moderate-and low-magnitude events reworked sediment locally. This means that these flows were not able to establish a sediment connection upstream and the transported sediment originated from the erosion of adjacent areas. In addition, we were able to use a discharge station further upstream of the study area, and thus also a hydrograph with a known shape. Sometimes only the high water marks are known, and for 10 example, Cao et al. (2010) analyzed the bedload transport by using a symmetrical hydrograph. This could be why their simulations showed less transport during the receding phase than ours.
As the curvilinear girds of fine 0.76-3.03 m and coarse 1.51-5.01 m cells were tested for morphodynamic simulations, the finer grid was proven to better predict the channel evolution, including both flow and bar lobe movement paths. Furthermore, 15 the grain sizes and their spatial distribution affected the morphodynamic simulation results greatly. Hooke et al. (2005) have shown that grain sizes have a major effect on the morphological impacts of floods. Simulation results may be enhanced when using techniques that are able to obtain spatially more complete and detailed grain size data (such as Wang et al., 2013 ) from the surface layers, instead of lower resolution site sampling, such as Wolman method. Parker (1990) stated that a calculation of the bedload transport rate of mixtures should be based on the availability of each size range in the surface layer. The best 20 simulation results of Rambla de la Viuda were indeed gained when spatially varying upper surface layer sediment sizes were applied. However, further detailed analyses of spatial and vertical grain size distribution effects on ephemeral gravel-bed river morphodynamic simulations are suggested. Next step should be to apply the surface grain size variation derived from the laser scanning data sets (Casas et al., 2010a and b; Kukko et al., 2015) .
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According to Kasvi et al. (2014) , the transverse bed slope parameterization affects the sediment transport in the downslope direction particularly in long-term simulations. However, also during these rather short-term flood event simulations at gravelly Rambla de la Viuda, the effects of the increasing transverse slope on channel evolution was evident, and the simulation results resembled more the observed topographies. Kasvi et al. (2014) had noticed that the model run with a high transverse bed slope effect (i.e. value 3) predicted more filling of the pool in an meandering river, when compared with the model run with no 30 transverse bed slope effect. Similarly to Kasvi et al. (2014) , the pool area of Rambla de la Viuda had experienced more deposition with the increased transverse slope value. This pool area was the only clearly wrongly simulated location with this higher transverse slope value, but otherwise the lobe movement and elevation resembled the best to the observations, when this high transverse slope value was applied. Thus, in a gravel bed river with short lasting flow events, adjustments are clearly Earth Surf. Dynam. Discuss., https://doi.org/10.5194/esurf-2017-52 Manuscript under review for journal Earth Surf. Dynam. Discussion started: 5 September 2017 c Author(s) 2017. CC BY 4.0 License. needed in this parameter for being able to replicate the observed changes while simulating with the currently available sediment transport equations. Thus, similarly to the perennial river simulations (e.g. Kasvi et al., 2014) , the transverse slope was important for the simulated changes.
Earlier, Hooke et al. (2005) and Graf (1996) have applied the Bagnold equation to an ephemeral channel, but we wanted to 5 use the equations that have often been used together with the Delft 2D model. Reid et al. (1996) showed that the Meyer-Peter and Müller (MPM, 1948) equation, which was originally developed for steady flow conditions and used by Reid et al. (1996) in non-armoured gravel bars, performs well and better than the Bagnold (1980) and Parker (1990) equations in ephemeral gravel river channels. This justified the application of the MPM equation in the ephemeral gravelly Rambla de la Viuda. Reid et al. (1996) stated that the reason for this is partly due to the fact that sediment was not supply-limited by channel-bed armour 10 development, which is the case in many perennial rivers. However, the movement was minimal with the MPM equation and occurred only in the beginning of the moderate event. The second discharge event could not cause much movement with the MPM equation, even though movement had occurred based on the field measurements. The MPM equation is a deterministic equation. According to Van Rijn (1993) , in a strongly decelerating flow, the deterministic formulae do not give realistic results because the mean bed-shear stress approaches zero in the case of flow separation and reattachment, and thus sediment transport 15 also approaches zero. This may have happened in the Rambla de la Viuda, as the MPM equation did not move particles anymore during the receding phase of the hydrographs. The application of the deterministic MPM equation could also partly explain why the receding phase's transport was less according to Cao et al. (2010) than based on the present study.
According to Barry et al. (2004) the formulae containing a transport threshold typically exhibit poor performance when 20 compared to the observed gravel bed river's bed load data. These equations include MPM (1948) and Bagnold (1960) equations, which have been applied in ephemeral channels. Barry et al. (2004) noted that simulation results done with different sediment transport equations show substantial differences in performance, but no consistency has been found between equation performance and the complexity of the equation. Despite being unable to produce the correct morphodynamics caused by the moderate-or low-discharge events of Rambla de la Viuda, the MPM equation could have potential in the simulation of 25 greater floods of ephemeral gravelly rivers, similarly as Reid et al. (1996) and Cao et al. (2010) have shown. Engelund and Hansen (1967) developed their equation, so that the effects of dunes, e.g. transport from stream-side to lee-side and form drag, were included. This could be the reason why the EH worked the best at the Rambla de la Viuda, where clear sharp lobe edges occur, and the local slope varies a lot. In addition, the EH is a total load equation (Engelund and Hansen, 30 1967) , whereas, for example, the MPM equation calculates bedload. Meyer-Peter and Müller (1948) However, despite the challenges of applying morphodynamic simulation approaches to ephemeral river channel change analyses, the results are promising, and show the importance of both rising and receding phases. The observations of sediment 5 transport during flow hydrographs would still be important, in addition to the continuous time series of pre-and post-flood topography, but at the moment, their measurement is still a complex and risky issue. By continuing the long-term observations of the ephemeral channel changes with the high-precision equipment, more reliable calibration and validation of the models may be gained.
Moderate-and low-magnitude flow events as channel modifiers 10
Our study has shown that geomorphic responses in ephemeral rivers, such as Rambla de la Viuda, are unique to each discharge event, and the model needs to be calibrated based on consecutive discharge events, and not just one event. Previously this uniqueness to the response has been shown for perennial rivers (Pitlick, 1993) . The methods and conceptual results of this present study can be applicable in ephemeral rivers worldwide (e.g. USA, House and Pearthree, 1995) . Hooke (2016a) stated that the flow events of similar magnitude can have differing effects, depending on the state of the system, as the long-term 15 evolution of the ephemeral river channel and its material greatly influence the response to the stream flow. Some events are more erosional and some are more depositional (Hooke, 2016a) . Moreover, Hooke et al. (2005) The model was calibrated based on the observations before/between and after the discharge events, because it is knowingly impossible to measure during the risky flash flood events, albeit moderate and low in their magnitude. Therefore, the following discussion is purely based on the model outputs. 25 The simulation results of the Rambla de la Viuda showed that the differences between rising, peak and receding phases of a moderate-magnitude discharge event are very important in an ephemeral river environment. Higher total amount of channel changes occurred during the receding phase than at the early stages of the discharge events. Deposition dominated due to the progradation of the frontal bar lobe, particularly on the right bank side of the channel. Thus, the continuous channel changes 30 were similar to those for braided perennial rivers . However, this differs from a recent study of Gendaszek et al. (2013) They found that most erosion occurred during the rising and the peak flow phases, but did not mention great changes during the receding phase.
Ferguson stated already in 1993 the potential in numerical modelling of the coupling between geometry, flow, and bedload transport, if it can be applied successfully for the braided channels. The results were promising at Rambla de la Viuda, which 5 also has a braided pattern. According to Wheaton et al. (2013) the chute cutoff mechanism, already described by Ferguson (1993) , is the most common braiding mechanism, but that the cutoff is not only an erosional process, but more the result of deposition during the construction of diagonal bars. In the study area of ours, there was a situation resembling to chute cutoff, as the channel was cut more on the right bank side of the bar than before. The modelling was capable in producing this observed chute cutoff from the right bank side during the moderate discharge event (March 2013). Both erosion and deposition related 10 to these changes, as both topographical observations and model simulations showed the development of the diagonal bar alongside with the cutoff of the bar. However, the diagonal bar formation was slightly greater in the model outcomes than based on observations. Despite this, the model showed potential in producing the channel development following the established theories of gravel bed evolution. In addition, the model showed that the initial cutoff and simultaneous initiation of the diagonal bar took place during the rising limb, but the diagonal bar would not have developed to its full extent without 15 the long receding phase of the flood hydrograph.
Noteworthy is that during the moderate-discharge event the erosion and deposition peak occurred much earlier than the discharge peak. However, the low-magnitude discharge event experienced the greatest channel changes an hour after the discharge peak. Our model results (e.g. Figs. 7 and 8) suggest the existence of hysteresis in the rate of bedform changes, being 20 clockwise or positive in the case of moderate-magnitude flow (bedform change peak occurs before flood peak), and negative in the case of low-magnitude flow (bedform change peak occurs during/after flood peak). The hysteresis phenomenon has been described well in sediment transport studies, and their effect is due, among other factors, to sediment depletion or surface gravel consolidation in the channel (Reid et al., 1985) or a long-lasting portion of the baseflow during the recession limb (Walling, 1974) . Cao et al. (2010) have shown, based on their 1D simulations, that bedload transport in an ephemeral river can 25 have similarities to a perennial river. However, even though perennial rivers may have sharp rising phases in their discharge hydrographs (e.g. Long, 2009) , they more likely have a greater initial threshold for particle movement by bed-armouring than ephemeral rivers (Reid et al., 1996; Hassan et al., 2009 ). Although, their armouring can though decrease as bed load concentrations increase (Müller and Pitlick, 2013) . Hysteresis of both kinds have also been shown in perennial rivers regarding turbidity, but their flashy storm hydrographs have more often caused anti-clockwise (i.e. negative) hysteresis phenomenon 30 (Lloyd et al., 2016) . This would indicate that ephemeral rivers act more similarly to perennial rivers during their low magnitude flow events. Even though further research is needed, the results indicate that the greater the discharge event's magnitude in an ephemeral river is, the more different the channel evolution and its timing are compared to perennial rivers. These hysteresis phenomena show a time dependence on the fluvial system outputs, depending on a previous sediment transport size and gravel bar morphology, which affects the internal state and the future morphodynamic response. In our study reach, 30 m 3 s -1 was the threshold discharge for the channel changes to become gradual and to follow the discharge changes during the receding phase. According to Hooke (2016a) , the threshold values of hydraulic conditions for erosion and deposition in ephemeral channels vary between sites, mostly due to the size and nature of the bed material. Threshold discharge has been 5 observed to be for the deposition and erosion of 15 (Hooke, 2016a) . The average upper and sublayer D50 grain sizes at the Rambla de la Viuda were 26.3 mm and 17.1 mm, respectively, and the maximum D50 grain size was 40.2 mm. The discharges of the Rambla de la Viuda were overall within the ranges of Hooke's thresholds for the movement of these-sized particles, and the simulations clearly showed their transport. In addition, the threshold discharge of 30 m 3 s -1 for starting the channel changes of the Rambla 10 de la Viuda to follow the discharge changes during the receding phase coincide well with Hooke's (2016a) threshold analysis of deposition.
Conclusions
Due to the proven morphological changes caused by low-and moderate-magnitude discharge events, the preventive measures against flash flood-induced channel changes should take into account moderate-and low-magnitude flows. This has received 15 support from earlier studies (e.g. Hooke, 2016a and b) . As the receding phase can cause substantial channel changes, it plays a major role in inducing damages/modifications to the river environments, and it needs to be acknowledged while planning flood mitigation measures. We have demonstrated the goodness of 2D modelling for analysing ephemeral river channel changes. The following schematic concepts can be concluded about the morphodynamics and their simulations in an ephemeral river during moderate-and low-magnitude discharge events: 20
1) The morphodynamic 2D model was proven to work in an ephemeral river affected by flash floods. Instead of applying calibration data from only one discharge event, the model results can be enhanced by applying topographical pre-and after flood data from consecutive flood events. When modelling events of moderate and low magnitude in rivers of 50 to 100 meters wide, a resolution of at least 1m is recommended (i.e. one cell is 1-2 % of the total width). At Rambla de la Viuda, the curvilinear grid with mesh edge lengths of 0.76-3.03 resulted topographically more realistic outcomes than with coarser grid 25 of i.e. grid size 1.51-5.31 m. A coarser resolution results in incorrect flow and sediment transport routing, as the edges of the bar lobes are smoothed, which affects simulation of water level, hydraulics and bed form evolution. The finer grid was able to show the steep lobes forefront scarp and showed that laser scanned data is the way to produce the detailed scale topography for simulating the bar lobe movement. Otherwise, procedures would need to include manual modification of the topography to include the lobe edges. 30
2) 2D morphodynamic models can be a good approach for shedding light on the temporal evolution of channel evolution whether the greatest changes occur for example due to the peak discharge, the slope of the rising limb, or the length of the receding limb of the flood hydrograph.
3) The spatially varying grain size data, the applied transverse slope parameter value and sediment transport equations are the most important factors, apart from the quality of recorded discharge, for the simulation results of the channel evolution. The 5 total load equation worked better, compared to the deterministic equation.
4)
Both rising and receding phases of discharge events were predicted to be important for bar movement and channel evolution and thus should not be ignored while planning flood mitigation measures. The erosion and deposition can be greater during the long-lasting receding phase than at the rising phase of moderate-and low-magnitude discharge events, despite the typical hydrograph shape of a flash flood. The receding phase contributed also greatly on the shaping of the bed forms and channel 10 pattern.
5) The deposition and erosion peak rates are predicted to occur at the beginning of the moderate-magnitude discharge events (e.g. March 2013 event), whereas deposition dominates throughout the event, i.e., even during the rising phase. On the contrary, the low-magnitude discharge events (e.g. May 2013 event) only experience the greatest channel changes after the discharge peak. 15 6) These different predicted erosion/deposition patterns suggest a hysteresis effect on the morphodynamic changes, closely related to sediment transport rates, and stress the importance of previous flood history (timing, succession and magnitude) in understanding the geomorphic response of gravelly ephemeral rivers.
7)
The clearest difference in the predicted riverbed changes between the rising and receding phases is that erosion and deposition characteristics follow the temporal discharge changes more during the receding phase than during the rising phase. 20
The threshold discharge, below which the channel-bed changes started following the discharge changes temporally, was around 30 m 3 s -1 . This threshold should be further tested in other ephemeral channels in Mediterranean, and elsewhere.
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